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Abstract
In this thesis we are interested in growing LaAlO3 films onto SrTiO3
substrates with an off-axis geometry radio frequency magnetron
sputtering technique in order to study the properties of the Q2DES found
at the interface between this two band insulators. Hall bars with an
Al2O3 hard mask were patterned onto TiO2-terminated SrTiO3 substrates.
The selected lithographic process was electron beam lithography due to
its high resolution. With respect to the growing of the Al2O3 hard mask
two different approaches were used.
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Chapter1
Introduction
The initial observation of conductivity at the interface between LaAlO3
(LAO) and SrTiO3 (STO) was reported by Ohtomo et al. (2004) [1].
These oxides have a perovskite structure. The (001) planes in the ABO3
perovskite structure are alternating AO and BO2 planes. For interfaces be-
tween polar and nonpolar layers, as LaAlO3/SrTiO3 interface, polar catas-
trophe (electrostatic potential divergence with thickness) might induce an
interfacial reconstruction. Between different polarity planes, polar discon-
tinuities represent a rather high energy cost, which can result in a rough
interface [1, 2].
For LaAlO3/SrTiO3 interface, the potential divergence at the interface
AlO2/LaO/TiO2 can be avoided by adding half an electron per unit cell
to the last TiO2 layer which transfers electrons in the SrTiO3 conduction
band, resulting in a conducting interface, with a high carrier mobility of
the order of thousands cm2V−1s−1 [1, 2]. On the other hand, the potential
divergence at AlO2/SrO/TiO2 can be avoided if the last SrO layer is miss-
ing half an electron, resulting in an insulating interface, Fig. 1.1. Hence,
the TiO2 termination of SrTiO3 is required for a conducting interface. [2].
Caviglia et al., 2010 [3] reported mobility of 6600 cm2V−1s−1 and quan-
tum oscillations in the electrical resistance depending on the magnetic
field in LaAlO3/SrTiO3 interfaces, confirming the formation of a two di-
mensional electron gas at this interface [3].
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Figure 1.1: The polar catastrophe illustrated for (001) interfaces between LaAlO3
and SrTiO3. In SrTiO3 (001) planes are neutral, but planes in LaAlO3 are not.
a) If the interface is AlO2/LaO/TiO2 , the potential diverges positively. b) If the
interface is AlO2/SrO/TiO2, the potential diverges negatively. c) The divergence
in (a) can be avoided by adding half an electron to the last STO plane. d) The
divergence in b) can be avoided by extracting half an electron from the last STO
layer. (Adapted from Nakagawa et al., 2006 Ref [2]).
The exceptional properties of the two-dimensional electron gas (2DEG)
at the interface between SrTiO3 and LaAlO3 are currently being investi-
gated [4]. A proper patterning process should be optimized since device
fabrication is an important aspect to take into account. Electron beam
lithography is commonly used in research since its resolution is of the
order of nanometers. Moreover, Hall bars are commonly used to have
quantitative magnetotransport characterization of thin films [5, 6].
The main goal of this project was to obtain a method for reproducible
device fabrication by using electron beam lithography to study the prop-
erties of the quasi-two dimensional electron system (Q2DES) found at the
interface between the two band insulators LaAlO3 and SrTiO3.
8
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Chapter2
Theory
The theoretical background information about perovskite oxides, charac-
teristics of SrTiO3, thin films materials, as well as the properties of LaAlO3
/SrTiO3 interface are given in this chapter.
2.1 Perovskite structures
The crystal structure of ABO3 perovskites along (100) direction is formed
by alternating AO and BO2 planes. Thus, the surface has these two pos-
sible terminations. Although, it is desirable to have a well-defined step
structure with only one of the two terminations [7]. In ABO3 perovskites,
A and B are two different cations, where A is larger than B and O is oxy-
gen. The structural cubic unit is schematically displayed in Fig. 2.1. In this
structure oxygen atoms are located in the face-center position, the B atom
is located at the center, forming an octahedron with the oxygen atoms,
while A atoms lie in the corners of the cubic cell [8].
Materials with a perovskite structure are interesting oxides, such as
LaAlO3 and SrTiO3 [9]. The crystal structure of STO is a cubic perovskite
with a lattice parameter of 0.3901 nm, and the crystal structure of LAO is
a pseudocubic perovskite with a lattice parameter of 0.3791 nm [10].
The surface energy of these oxides depends on the termination. In the
case of STO, TiO2 plane is more stable. Cleaving, cutting, polishing, and
etching could lead to defective and not well defined surfaces. However,
the difference in solubility of Sr and Ti in acids can be used to achieve a
well-defined and single terminated surface [9].
The surface morphology of a commercial substrate is a combination of
the two possible terminations. But, after the termination process, a single
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terminated surface with straight terrace ledges and steps with single unit
cell height of SrTiO3 can be observed on Atomic Force Microscopy scans
[9].
Figure 2.1: Structural unit of ABO3 perovskite crystal. (Adapted from Ferro-
electrics - Material aspects, 2011 Ref [11]).
2.2 LaAlO3/SrTiO3 interface
The discovery of a quasi-two dimensional electron system (Q2DES) at the
interface between non-magnetic LaAlO3 (LAO) and SrTiO3 (STO), two
band insulators, stimulated extensive research on the properties of this
two-dimensional system [4]. These Q2DES give rise to interface properties
such as superconductivity, magnetic interactions, tunable metal-insulator
transitions, and spin-orbit coupling [12, 13]. In this system, the transport
is dominated by a large Rashba spin-orbit coupling and superconductiv-
ity, which can be tuned by an electric field [14]. Electrical transport at
the conducting interface takes place in a two-dimensional confined region
[10].
The critical thickness to achieve interface conductivity is 4 u.c. of LAO,
which can be explained by the polar catastrophe mechanism [10, 14]. The
thickness influence of LaAlO3 on the electronic properties of the LAO/STO
interfaces can be seen in Fig. 2.2 [15].
10
Version of February 19, 2018– Created February 19, 2018 - 17:06
2.2 LaAlO3/SrTiO3 interface 11
Figure 2.2: a) Sheet conductance and b) carrier density of the LAO/STO interface
at 300 K as a function of the thickness of LaAlO3 (uc). (Data in blue and red
corresponds to samples grown at 770oC and 815oC, respectively.) (Adapted from
Thiel et al., 2006 Ref [15]).
However, the microscopic details of superconductivity [6], as well as
the interpretation of magnetism found experimentally in this system are
not fully understood and still controversial [14]. In this context, Caviglia
et al., (2010) [3] reported a quantum phase transition between a supercon-
ducting and an insulating phase at the LaAlO3/SrTiO3 interface, using the
electric field effect, Fig. 2.3 [3].
The high-mobility electron gas found at the interface of LAO/STO has
been ascribed to electronic reconstruction model (intrinsic doping), which
allows the transfer of electrons from the topmost LAO layers into the STO
conduction band, i.e., into the Ti 3d states at the interface [10, 16]. The d
orbitals are either t2g or eg, Fig. 2.4(b), t2g orbitals (dxy, dxz and dyz) point
between the x,y and z axes, while eg orbitals (dz2 and dz2) point along the
axes [17]. From the interfacial electrons (t2g), the main contribution to the
2DEG is given by dxy electrons because they are in the interface (xy plane),
but they have low mobility. In contrast, dxz or dyz electrons might spread
further away from the interface but with higher mobility [12].
However, important effects, such as reversible metal-insulator transi-
tion and the confinement of the charge carriers in the proximity of the
interface cannot be fully explained with the electronic reconstruction (po-
lar catastrophe) model [18]. A possible explanation for the confinement of
the 2DEG within a few nanometers is the triangular quantum well deter-
mined by the bending of the electronic bands of STO close to the interface
[16].
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Figure 2.3: Sheet resistance at 400 mK (left axis, red triangles) and critical temper-
ature TBKT (Berezinskii-Kosterlitz-Thouless, right axis, blue dots) as a function
of gate voltage, showing the superconducting region of the phase diagram for
LaAlO3 /SrTiO3 interface. (Adapted from Caviglia et al., 2010 Ref [3]).
A real Q2DES must be influenced by the steps on the STO (001) sur-
face. The steps are originated due to the miscut angle in a single crystal
substrate and might affect the transport properties of the system [10].
Also, oxygen vacancies are quite important, since this can explain the
relation of the carrier number with the oxygen partial pressure during
LAO growing and they might be formed during sample fabrication [16].
Oxygen vacancies and cation intermixing can occur easily in perovskites,
giving rise to conductivity [19].
Some studies suggest that in the complex oxide Q2DES(2DEG) at the
interface of a crystalline (c) or an amorphous (a) LAO layers on STO, dif-
ferent factors might contribute to the conductivity at the interface. Po-
lar catastrophe, intermixing and oxygen vacancies might contribute to the
conduction in c-LAO/STO, depending on the sample growth conditions,
while the conductivity in a-LAO/STO might also result from the contri-
bution of interfacial redox reactions and oxygen vacancies [12, 16].
In this context, Cantoni et al., (2012) [19] reported a Ti valence reduc-
tion from 4 to 3.72 ± 0.09 and from 4 to 3.4 ± 0.1 for interfaces with 5
u.c. and 10 u.c. thickness of LAO respectively, as a result of electronic re-
construction and ionic displacements occurring in both LAO and STO, but
excluding a significant contribution from cation intermixing and oxygen
12
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vacancies [19].
2.2.1 Delta-doped interfaces
A spin-polarized Q2DES at the equilibrium can be achieved by δ doping
LAO/STO with a magnetic layer [14]. Until 2015 electric field modu-
lation of the spin polarized state in a Q2DES was uncertain. However,
Stornaiuolo et al., (2015) [13] reported an electric field tunable and super-
conducting Q2DES in LAO/STO interface by delta doping with EuTiO3,
(ETO). Below a critical temperature, the Q2DES is spin-polarized. In order
to have this LAO/ETO/STO heterointerface, 10 u.c. of LAO and 2 u.c. of
ETO (antiferromagnetic insulator), were deposited onto TiO2 terminated
(001) STO. A phase transition from a ferromagnetic to a superconducting
state has been found as a function of temperature for this system, where
superconductivity and magnetism might occur due to strong correlations
in quantum-confined 3d-bands. [13].
The usual electron mobility of the STO 2DEG at 2 K is of the order of
1000 cm2 V−1s−1, and the sheet carrier density is of the order of 1013− 1014
cm−2. However, by modulation doping, which consists in introducing a
spacer at the interface to separate the mobile electrons from the cations,
the mobility can be increased. Chen et al., (2017) [20] reported that intro-
ducing 1 u.c. of LaMnO3 at the interface between a-LAO and STO, boosted
considerably the electron mobility and reduced the carrier density to 1012
cm−2. Moreover, using Sr-doping of the La1−xSrxMnO3 (LSMO) to control
the filling of the orbitals in LSMO buffer layer at the a-LAO/STO interface
allows to tune the carrier density and the electron mobility of the 2DEG
[20]. The schematic diagram is shown in Fig 2.4(a). Fig. 2.4(b) shows the
splitting of 3d orbitals as an explanation.
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(a)
(b)
Figure 2.4: a)Charge transfer induced modulation due to Sr doping of the LSMO
buffered layer at the a− LaAlO3/SrTiO3 interface. During 2DEG formation, the
electrons coming from the topmost layer will first fill the LSMO buffer layer
before filling the Ti t2g orbitals. (Adapted from Chen et al., 2017 Ref [20]). b)
Splitting of the degenerate d-orbitals in an octahedral perovskite. (Adapted from
Chemistry LibreTexts. Ref [21])
2.2.2 Future prospects
Quasi-two dimensional electron gases systems formed at the interface of
insulating complex oxides is of great interest for its possible spintronics
applications [13]. Therefore, reproducible fabrication techniques for high
quality thin films devices are needed to apply these interfaces for mod-
ern electronics. There are numerous techniques to fabricate structures in
substrates, such as reactive Ar-ion etching, UV lithography, electron beam
lithography, pulsed laser deposition, scanning probe microscopy. Among
which, electron beam lithography has a really good resolution, down to
nanometers [4].
The selected patterning process for this project was electronic beam
lithography, mainly because of its resolution.
14
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Methodology
This chapter describes the SrTiO3 termination process as well as Electron
beam lithography, Sputtering, X-ray reflectometry and Atomic Force Mi-
croscopy, techniques used for the sample fabrication, and analysis.
3.1 Substrates preparation
In order to achieve a reproducible film growth of oxide interfaces, and a
conducting LAO/STO interface it is important to have single terminated
surfaces, in our case TiO2 terminated STO substrates [9, 10]. Commercial
STO (100) (SrTiO3, 5x5x0.5 mm, lattice constant: 0.3905 nm [22]) substrates
of CrysTec GmbH were used.
The procedure to obtain a thermally stable surface is based on the ter-
mination process described by T. Onnishi et al., (2004) [7]. After cleaning
the samples in sonication for five minutes in acetone and five minutes in
ethanol, the substrates are sonicated in Millipore water during 30 min-
utes. During this process, compounds such as Sr(OH)2, SrCO3 and SrO2
are formed on the surface [7, 9].
The next step is to etch the substrates with a buffered HF solution
(NH4F-HF) to remove the strontium compounds formed, and dissolve
bulk STO gradually, allowing a layer-by-layer etching. Once the etching is
done the substrates are annealed in an oxygen flow of 100 cc/min at 950oC
to facilitate recrystallization of the substrates [7, 9].
After annealing, the termination of the surface is examined by atomic
force microscopy in tapping mode.
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3.2 Electron beam lithography
Numerous nanolithography techniques have been developed since 1980,
among which electron beam lithography is well known for a very high
resolution down to a few nanometers, (resolution of optical lithography
is hundreds of nanometers), high accuracy in positioning, alignment and
also high reproducibility. Thus, Electron beam lithography (EBL) is widely
used in research areas for writing micro and nanostructures on different
materials. However, EBL could be time consuming and not very conve-
nient for writing large scale structures [23–25].
EBL is performed in a high vacuum chamber, with high energy elec-
trons (10-100 keV). The fundamental parts are the electron beam source
(i.e., electron gun), the column, which contains all the optical elements,
and the chamber, see Fig. 3.1. Electron beam lithography allows to trans-
fer a pattern onto the surface of a substrate [25, 26].
In the EBL writing process, a tightly focused beam of electrons exposes
a resist that covers the substrate. Electrons undergo multiple elastic and
inelastic scattering processes changing the solubility properties of the re-
sist, allowing the removal of either the exposed or non-exposed areas of
the resist by developing [23–25]. Thin film deposition or etching can be
done on the patterning areas while covering the outside areas of the pat-
terning with a mask [26]. Finally, the lift-off is done removing the material
from the regions that do not belong to the pattern [27].
EBL resolution is determined by the resists, the exposure (i.e. electron-
resist interaction) and the consecutive processing steps, such as develop-
ment or lift-off [23, 28] . Resolution determines the smallest distance be-
tween two distinguishable images [26].
Chemical reactions between the electron beam and organic resists are
either cross-linking or chain scission (fragmentation). Cross-linking is the
process when carbon atoms from adjacent chains bond directly. In con-
trast, during chain scission, the polymer chains are broken into smaller
pieces by interaction with the incoming radiation [26].
If insulator materials are used as a substrate, positive charges are accu-
mulated on the surface because the emissions of secondary electrons and
Auger electrons cannot be neutralized fast enough [26, 28]. Charging ef-
fects could result in a low patterning accuracy, severe stitching errors and
could hinder the alignment procedure. Hence, conductive coatings are
applied over the resist to avoid charging effects. [23, 25].
The EBL patterning was done in a Raith e-Line EBL system. For the
Raith e-Line the position accuracy of the stage is 1 nm [23].
16
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Figure 3.1: Schematic of a typical electron beam lithography system. (Adapted
from Encyclopedia of Nanotechnology, 2012 Ref [26]).
3.2.1 Resists
Resists can be classified into positive and negative. If after exposure cross-
linking is the main reaction it is a negative resist, if chain scission is the
main reaction it is a positive resist. For positive resists the exposed areas
are removed during development, while for negative resists is the oppo-
site, the exposed areas are not cleared away [26].
Since the discovery of polymethyl methacrylate (PMMA) as an electron
resist in 1969, it has been widely used as a positive organic resist, which
has a high resolution. PMMA can be stripped using acetone [23, 25, 29].
PMMA is an organic polymer available in different molecular weights, the
lower the weight, the more sensitive the resist [26].
All the resists were applied on the substrates on the spin coater follow-
ing the manufacturer’s instructions. The mainly used resist was PMMA
950K.
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3.2.2 Developers
The developer selected for the PMMA resist was MIBK/IPA 1:3. MIBK
stands for Methyl Isobutyl Ketone and IPA stands for Isopropanol. It is an
organic solvent mixture used as positive radiation resist developer [26].
The substrates were developed in MIBK/IPA 1:3 in agitation during 30
seconds, after that, the sample was dipped in isopropanol, as a stopper for
the development process.
3.2.3 Lift-off
The compound selected for the lift-off of the PMMA was acetone. It could
be used in sonication or by dipping the sample in a beaker for several
minutes or even hours. A stronger developer, 1-methyl-2-pyrrolydinone
(NMP), might be used as well to remove hardened PMMA.
3.3 Sputtering techniques
Sputtering is a physical vapor deposition method where the material of
interest is released from a solid target by bombardment with energetic
ions that are generated in a glow discharge plasma. The atoms coming
from the target are deposited as a thin film on the substrates due to mo-
mentum transfer between incident particles and target through collisions
[26, 30]. Secondary electrons are also emitted from the target due to the
ion bombardment, and they contribute to maintain the plasma [27]. The
sputtering yield depends on different factors, such as the energy and in-
cident angle of the ions, surface energy and crystalline properties of the
target. There are different ways to generate power for sputtering systems,
such as DC, AC and RF plasmas, among which RF sputtering is suitable
for insulating targets [26, 30].
Sputtering systems often employ magnetrons. In magnetron sputter-
ing the magnetic field applied parallel to the target surface can restrain the
secondary electrons close to the target, increasing the probability of the
ionizing electron-atom collisions. Thus, increasing the ion bombardment
and the deposition rates at the substrate [31].
In reactive sputtering a mixture of reactive gases (N2, O2) with an in-
ert gas (Ar, Kr) are used for sputtering and formation of nitride or oxide
films [26, 32]. Some disadvantage of reactive sputtering can be degrada-
tion of the crystallinity of the thin film, which might be solved by post-
annealing. However, post-annealing can lead to degradation of the film,
18
Version of February 19, 2018– Created February 19, 2018 - 17:06
3.4 X-ray reflectometry 19
altering the roughness and uniformity of the surface, including interdiffu-
sion and intermixing at the interfaces [26, 32].
The growth process was done using RF-sputtering technique. For Al2O3
growing we used an on-axis sputtering machine and for LaAlO3 growing
we used an off-axis sputtering machine, which reduces the deposition rate.
Off-axis refers to the perpendicular orientation of the target with respect
to the substrate [26]. In Fig. 3.2 a schematic overview of the chamber of
the off-axis sputtering system is shown.
Figure 3.2: Schematic overview of the used off-axis sputtering machine.
(Reprinted with permission from C. Yin MSc, 2017).
3.4 X-ray reflectometry
X-ray reflectometry is a technique used to determine thickness, density,
and roughness of films and it is sensitive to the scattering length density
gradient. As we can appreciate in Fig.3.3 a collimated beam impinges on
the sample surface with an incident intensity II at the small angle θ (typ-
ically < 2o). kI (incident), and kR (reflected) are the wave vectors. The
reflected intensity, IR is measured at the detector. The reflectivity R de-
fined as the ratio of the reflected intensity and the incident intensity is
calculated [33].
This technique was used to determine the thickness of the sputtered
Al2O3 , allowing us to properly estimate the deposition rate for the differ-
ent selected parameters on the sputtering machines.
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Figure 3.3: Schematic overview of a X-ray reflectometer. (Adapted from Lovell et
al., 1999 Ref [33]).
3.5 Atomic Force Microscopy
The atomic force microscope (AFM) was developed in 1986 when Binning
et al., (1986) [34] proposed to combine the principles of the STM and a
profilometer to develop the AFM to measure ultrasmall forces (∼ 10−18
N) [34].
It can directly image surfaces of conductors and insulators in different
environments, such as air, liquid, gas, and vacuum [27]. The essential
components of the atomic force microscope are a sharp tip attached to a
cantilever, a system to measure and control the cantilever’s deflection and
a mechanical scanning system (piezoelectric) that moves the sample with
respect to the tip, see Fig. 3.4 [35].
The AFM produces three-dimensional high resolution images of sur-
faces. Cantilever’s displacements of the order of 0.02 nm can be detected
[26]. The image is obtained by measuring the displacements of the can-
tilever due to the forces acting between the tip and the sample. Can-
tilever’s vertical displacements are usually measured by optical techniques,
detecting on a photodiode the reflected beam of a laser beam focused on
the backside of the cantilever. This microscope has different imaging mode
of operations, such as contact and non-contact (tapping mode) [26, 27].
In contact-mode (repulsive contact) the forces are short-range interatomic
forces, and the deflections of the cantilever are measured. In non-contact
mode, the distance between the tip and the sample oscillates between 10-
100 nm. Thus it is possible to detect long range forces, such as magnetic,
electrostatic and attractive Van der Waals forces. In this mode, the can-
tilever vibrates at its resonant frequency [27, 35]. Depending on the tip-
sample interaction there will be some phase shift between the drive signal
and the lock-in amplifier signal. This phase shift is displayed in a phase
20
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image [36].
Figure 3.4: Schematic of a typical atomic force microscope. The reflected beam
coming from the cantilever is directed through a mirror onto a photodetector. The
AFM signal is given by the differential signal from the top and bottom photodi-
odes. (AFM/FFM: atomic force microscope/friction force microscope). (Adapted
from Encyclopedia of Nanotechnology, 2012 Ref [26]).
AFM measurements were performed in the AFM Facility of the Leiden
Institute of Physics (LION) by JPK AFM (tapping mode). The AFM was
used to check the quality of the surface of the substrates on different steps
of the process and to determine the step size.
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Results and Discussion
The sample preparation was divided into three main steps. The first step
was to obtain terminated SrTiO3 substrates. The second step was to per-
form the lithographic process on bare SrTiO3. And the third step was to
optimize the electron beam lithography using an Al2O3 hard mask.
An on-axis sputtering technique was used to deposit the hard mask
Al2O3, while an off-axis sputtering technique was used to deposit thin
LaAlO3 film on top of SrTiO3 substrates. Finally, we analyzed the quality
of SrTiO3 surface inside the Hall bar structure by AFM scans.
4.1 Termination of SrTiO3 substrates
The procedure to obtain a thermally stable TiO2 was fully described in
section 3.1. In Fig. 4.1 AFM scans of a terminated substrate are shown.
Well defined steps are visible on both, height scan and lock-in phase scan.
As expected, there is no much variation on the phase scan. The phase
signal displayed on the lock-in phase scan is sensitive to the tip-sample
interaction. Two different components within a flat sample can be distin-
guished [36]. Thus, if the variation of the phase is very small, the surface
is uniform, i.e., one predominant material on the top layer of the substrate.
The average step height was calculated in Gwyddion. According to
this calculation, the average step height of this substrate, Fig. 4.2, is ap-
proximately 0.391 nm, which is close to the lattice constant of STO (0.3901
nm [10]).
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(a) (b)
Figure 4.1: AFM scans of a terminated SrTiO3 substrate. a) Height scan and b)
Lock-in phase scan.
Figure 4.2: Step height of a terminated SrTiO3 substrate, extracted from AFM
scans.
4.2 Electron beam lithography on bare SrTiO3
Sample preparation for EBL requires working in a clean environment, the
substrates must have a flat surface, must be cleaned with acetone and iso-
propanol and blown dry under nitrogen before applying the resist and the
conductive material [25].
Each resist needs to be applied and removed in a specific way. After
applying the PMMA resist on the substrate it needs to be baked at 180oC
during one minute. The lithographic process consists of the exposure of
the resist to the electron beam and the development in a developer. But
the conductive material needs to be removed prior dipping the sample
into the resist’s developer.
24
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The used parameters for the lithographic process were a high-voltage
of 30 kV, area dose of 300 µC/cm2 and a beam speed smaller than 25
mm/s, in a Raith-eLine equipment. The Hall bar design (width: 1200 µm,
length: 1700 µm) was patterned in the center of the STO substrates.
Since STO is an insulator, some procedures were carried out in order
to avoid charging of the surface. We used three different conductive ma-
terials as a charge dissipation layer: a conductive polymer PEDOT:PSS, a
carbon coating, and another conductive polymer Electra 92, the details are
given below.
PEDOT:PSS
Poly(3,4-ethylene dioxythiophene)-poly(styrene sulfonate), PEDOT:PSS, is
a conducting polymer used as a charge dissipation layer in electron beam
lithography [37]. Three layers of this conductive polymer were applied on
the substrate, waiting five minutes between different layers to have proper
coverage. This conductive material must be removed with Millipore wa-
ter before dipping the sample on the PMMA developer. However, even
three layers of PEDOT:PSS weren’t enough to avoid charging of the sub-
strate. In fact, the charging was severe, and as a result, the substrate was
permanently damaged, some charging marks on the substrate can be seen
in Fig. 4.3(a). In Fig. 4.3(b) some improvement with respect to Fig. 4.3(a)
is noticeable, but we still have some charging problems that hamper the
write field alignment of the EBL.
As a consequence of the failure of this conductive polymer, we tried a
different approach. We did not use a metallic coating because this would
affect the conductance of the substrate, so we used carbon coating and
Electra 92 conductive coating.
Carbon coating
This conductive layer was applied on the substrate on a carbon coater and
was removed in an oxygen plasma etcher before dipping the sample in
the PMMA developer. The plasma etcher belongs to the Supramolecular
& Biomaterials Chemistry group from Leiden Institute of Chemistry (LIC).
In this case, the results were positive, we did not have charging problems
anymore, and we finally got a well-defined structure, Fig. 4.4(a).
After the lithographic process, we tried to remove this coating from the
substrate in an oxygen plasma etcher with different parameters in order to
optimize the carbon removal without damaging the substrate. However,
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the results after development were similar in each attempt, Fig. 4.4(b). Ap-
parently, some process or reaction was happening, and this interfered with
the PMMA development process. Given these unsatisfactory results, we
tried with another commercial conductive polymer.
(a) (b)
Figure 4.3: Hall bar designs using PEDOT:PSS as the conductive material.
(a) (b)
Figure 4.4: Hall bars patterning on a substrate using carbon coating as a conduc-
tive material a) right after the EBL and b) after plasma etching and development
26
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Electra 92
Electra 92 is a conductive protective coating for non-novolac based e-beam
resists, such as PMMA and other resists. It is composed of a polyaniline-
derivative [38]. After application on the substrate, it needs to be baked at
90oC during two minutes. The thickness of this layer is 60 nm.
This conductive material was removed with Millipore water before
dipping the sample on the PMMA developer. The results were positive
with this conductive material, Fig. 4.5(a). We obtained a well-defined Hall
bar after development, Fig. 4.5(b). Thus, Electra 92 was the conductive
material selected for this project.
(a) (b)
Figure 4.5: Hall bar patterning on a substrate using Electra 92 as a conductive
material a) right after the EBL using and b) after development of PMMA.
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4.3 Optimization of the Al2O3 hard mask
The objective was to grow LaAlO3 onto SrTiO3 in the off-axis sputtering
machine, and this requires high temperatures. Thus we used a hard mask.
We tried two different approaches for the application of the hard mask.
In the first approach, the mask of Al2O3 was sputtered on the substrate
before the lithographic process, and the patterning was done inside the
Hall bar structure, see Fig. 4.6(a), and in the second approach the hard
mask was sputtered after the lithographic process, and the patterning was
done in the areas outside the Hall bar structure, see Fig. 4.6(b). Another
difference between the approaches is that for the first one we needed to do
the etching of the Al2O3 hard mask before the lift-off, while for the second
approach we did not need to do the etching of the hard mask, because the
lift-off will allow the removal of the PMMA all together with the Al2O3
hard mask.
The sputtering of Al2O3 was done in the sputtering machine Leybold
Heraeus, Z400. The thickness of the hard mask was selected based on the
work of Banerjee et al., (2012) [4] and Monteiro et al., (2017) [6] with 30
nm and 13 nm thickness when the hard mask was applied before and after
the lithographic process respectively. The thickness of the Al2O3 layer for
the second approach was selected to facilitate the lift-off process [4, 6].
In Fig. 4.7 we can appreciate the difference on the designs right after
the development, a positive and negative design respectively. The devel-
opment removes the PMMA from the areas that have been exposed to the
beam of electrons. For the first approach, Fig. 4.7(a), the developer re-
moved the PMMA from the Hall bar structure. For the second approach,
4.7(b), the developer removed the PMMA from the areas outside the Hall
bar.
In the first approach, the etchant chosen for removing the hard mask
from the Hall bar was the developer OPD − 4262, according to Banerjee
et al., (2012) [4]. It was difficult to determine the etching rate of this com-
pound, so we made some measurements with the profilometer. The use
of a cotton swab facilitated the process. After the etching, the substrates
were cleaned in sonication in isopropanol for five minutes to remove all
the residues.
28
Version of February 19, 2018– Created February 19, 2018 - 17:06
4.3 Optimization of the Al2O3 hard mask 29
(a)
(b)
Figure 4.6: Patterning process adapted from a) Banerjee et al., (2012) [4] and
adapted from b) Monteiro et al., (2017) [6].
(a) (b)
Figure 4.7: Hall bar patterning on a substrate a) with Al2O3 sputtered before the
lithographic process, following procedures described by Banerjee et al., (2012) [4]
and b) with Al2O3 sputtered after the lithographic process, following procedures
described by Monteiro et al., (2017) [6].
Version of February 19, 2018– Created February 19, 2018 - 17:06
29
30 Results and Discussion
4.3.1 Lift-off
For the first approach, after the etching of the hard mask, the lift-off was
done using acetone. Although, possibly due to the use of the cotton swab
on the etching process we induced some defects on the Hall bar design,
Fig. 4.8. Therefore, we decided to use just the second approach.
Figure 4.8: Lift-off process done in a substrate with Al2O3 sputtered before the
lithographic process, using one layer of PMMA 950K.
For the second approach, we found that the sputtering of the Al2O3
hard mask using 1 kV hardened the resist. Thus, the lift-off was not an
easy process. We tried with acetone and 1-methyl-2-pyrrolidone (NMP) at
different temperatures for the removal of PMMA.
Even after two days in acetone, the PMMA was not removed, so we
tried with a stronger remover, NMP. The substrate was dipped in NMP, in
a closed bottle during several minutes in sonication at 55oC, but that was
not enough because there were still some residues of PMMA mainly in the
corners of the Hall bar as it can be seen in Fig. 4.9(a). So, we increased the
temperature for the sonication in NMP to 65oC. In this case apparently we
somehow contaminated the substrate, because there were some residues
that we were not able to remove anymore, see Fig. 4.9(b).
Hence, the next step was to use a double layer of positive resist (PMMA
600K/950K) to analyze if the removal of the hardened PMMA with soni-
cation in acetone could be improved. This approach did not work either,
as you can see in Fig. 4.10. Finally, we changed the sputtering parame-
ters. We reduced the voltage in the Z400 sputtering machine from 1 kV to
450 V and 750 V, in order to reduce the RF power and have a less ’aggres-
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sive’ sputtering session. Fig. 4.11 shows the substrate after the lift-off with
acetone, using 450V and 750V for the sputtering of the hard mask.
(a) (b)
Figure 4.9: Lift-off process done in a substrate with one layer of PMMA 950K.
The lift-off was done using heated NMP a) 55oC and b) 65oC.
Figure 4.10: Lift-off process done in a substrate with two layers of PMMA: 600K
and 950K.
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(a) (b)
Figure 4.11: Lift-off process done in a substrate with one layer of PMMA 950K.
Sputtering of Al2O3 mask at a) 450 V and b) 750 V.
LAO growing
The sputtering of the Al2O3 hard mask at 1 kV hardened the resist, and
even after a whole day in acetone and a couple of hours in sonication in
acetone the resist was not completely removed. Thus, we used a cotton
swab to help with the removal of the resist. In fact, all the resist was re-
moved as it can be seen in Fig. 4.12(a). The next step was to grow 10 u.c of
LAO on the off-axis sputtering machine. After that, we did the wire bond-
ing on the Hall bar, which due to the lack of contrast was a challenging
task. The wire bonded substrate is shown in Fig. 4.12(b). In this substrate,
a resistance measurement was performed, obtaining a value of 0.88 MΩ.
We also measured the resistance in a second sample, for which the lift-off
was done with acetone but the obtained value was bigger than MΩ order.
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(a) (b)
Figure 4.12: a) Lift-off and b) wire bonding done in a substrate using one layer of
PMMA 950K and Al2O3 mask at 1 kV.
4.4 Optimization of Sputtering parameters
As mentioned before, two different sputtering techniques were used for
growing thin films onto the substrates, on-axis, and off-axis sputtering.
We tried different parameters to do the lift-off process.
4.4.1 On-axis Sputtering
On Z-400 machine the first selected parameters for growing one layer of
Al2O3 were Ar as the reactive gas, pre-sputtering time of three minutes
and 1 kV. The deposition rate (average) of 1.857 nm/min was calculated
from XRR measurements of different samples sputtered on the same con-
ditions. The bias voltage is an important parameter. However, if we re-
duce the voltage, we will reduce the deposition rate as well, increasing the
time needed to deposit the Al2O3 layer. Since the PMMA resist was hard-
ened with 1 kV, we reduced the voltage to two different values, 450 V and
750 V. For 450 V the deposition rate was 0.36 nm/min, and for 750 V the
deposition rate was 0.96 nm/min. The deposition rates were determined
from XRR measurements.
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4.4.2 Off-axis Sputtering
We had some difficulties with the targets, to be specific, three of the or-
dered targets of ELTO and LSMO had poor quality, so we had to adapt
an old target to the off-axis sputtering machine. Prior sputtering we glued
the sample using silver paste, since this procedure is done at high tempera-
tures we waited for the system to cold down before starting the sputtering.
The pre-sputtering time was 15 min, the reactive gas was a mix of Ar/O2.
However, another difficulty appeared, this time the heater of the off-
axis sputtering machine went out of order. As a consequence, we could
not grow LAO on any other substrate.
4.4.3 Surface examination
The images were taken right after the termination process of STO sub-
strates, after the sputtering and also after the lift-off process to verify the
well-defined step structure of the substrates. In Fig. 4.13 the AFM tip posi-
tion, the height scan and the lock-in phase scan after the lift-off process for
a substrate that has been sputtered with Al2O3 using 450 V, inside (a,c,e)
and outside (b,d,f) the Hall bar are shown. As it can be seen, the steps are
not visible anymore inside the structure.
On the other hand, in Fig. 4.14 the AFM tip position, the height scan
and lock-in phase scan after the lift-off process for a substrate that has
been sputtered with Al2O3 using 750 V, inside (a,c,e) and outside (b,d,f)
are shown. In this case, the steps are present.
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(a) (b)
(c) (d)
(e) (f)
Figure 4.13: STO substrate after the lift-off procedure. (Sputtering of Al2O3 was
done at 450 V). The location of the tip is showed a) inside the Hall bar and b)
outside the Hall bar, with corresponding AFM height scans in c) and d) and Lock-
in phase in e) and f).
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(a) (b)
(c) (d)
(e) (f)
Figure 4.14: STO substrate after the lift-off procedure. (Sputtering of Al2O3 was
done at 750 V). The location of the tip is showed a) inside the Hall bar and b)
outside the Hall bar, with corresponding AFM height scans in c) and d) and Lock-
in phase in e) and f).
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Conclusion and Outlook
In this report, we developed a fabrication process for Hall bars onto SrTiO3
substrates, optimizing the lithography process for an insulator, and also
optimizing the sputtering parameters for growing a thin layer of Al2O3
that is suitable for lift-off.
The conductive layer Electra 92 has proved to work perfectly for STO
substrates with PMMA layers for electron beam lithography. The use of
PEDOT:PSS and carbon coating did not work for the lithographic process.
The bias voltage of 1 kV in the sputtering machine hardened the resist
PMMA, and with 450 V the STO termination was not preserved. A voltage
of 750 V for the sputtering machine Z400 allowed us to grow Al2O3 onto
the substrates, keeping the TiO2 termination of STO.
Given that the etching of Al2O3 in the first approach of the hard mask
application was not uniform, the selected sample fabrication process was
based on the second approach, the one based on the work of Monteiro et
al., (2017) [6].
We did not managed to fulfill all the initial goals of this project due
to experimental difficulties, such as bad quality targets that turned into
powder after trying to glue them on the target holder, and the damage of
the heater of the off-axis sputtering machine, which prevented us to grow
LAO or ELTO onto the substrates. However, we made progress on the
lithographic process that includes an Al2O3 hard mask, prior to fabricating
a conducting LAO/STO interface.
In order to finish the fabrication of delta-doped LAO/STO interface
with one or both approaches mentioned in this report, a reliable growing
method of LAO and ELTO is needed. Either an off-axis sputtering machine
or pulsed laser deposition machines are essential. Also, good quality tar-
gets are required, which means find a suitable and trustworthy provider
Version of February 19, 2018– Created February 19, 2018 - 17:06
37
38 Conclusion and Outlook
or find a way to build our own targets. Further investigation of magneto-
transport measurements in this Hall bar geometry is also required.
38
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